Abstract. The VLF/LF radio signals method for studying preseimic activity is applied to the Abruzzo earthquake (M=6.3, 6 April 2009). The data collected by three receivers located in Moscow (Russia), Graz (Austria) and Bari (Italy) at about 3000 km, 1000 km and 500 km from the epicenter were used. The signals received from the Sardinia (20.27 kHz) and the Sicily (45.9 kHz) transmitters, both located in Italy, were compared with those received from the Iceland (37.5 kHz), the Great Britain (19.58 kHz) and the Germany (23.4 kHz) transmitters. The propagation paths of the two Italian transmitters cross the epicentral area (seismic paths) unlike the paths of the other three signals (control paths). Using two different analyses, that are the study of the night-time signal and the research of shifts in the evening terminator times, clear anomalies were revealed 2-8 days before the occurrence of the Abruzzo earthquake in the seismic paths, while no anomalies have been found in the control paths.
Introduction
The method of monitoring the phase and the amplitude of the radio signals radiated from VLF/LF (15-60 kHz) transmitters and propagating inside the earth-ionosphere waveguide, is well known in radio physics. If the transmitter frequency and the transmitter-receiver distance is fixed, then the parameters of the observed signal are mainly dependent on the value and gradients of the electron density near the atmosphere-ionosphere boundary (typically 80-85 km) , that is the reflection zone of the signal. In case of some local perCorrespondence to: A. Rozhnoi (rozhnoi@ifz.ru) turbation in this zone, anomalies can appear in the radio signals when the projection of the perturbed area on the ground surface is inside the elliptical signal sensitivity zone (Fresnel zone) elongated from the transmitter to the receiver. Therefore, the VLF/LF radio signal method has become the standard method for monitoring the short-time variations of the electron density in the lower ionosphere/upper atmosphere connected with the solar radiation, the cosmic rays, the precipitation of energetic particles, the lightning-induced ionization and the nuclear tests.
The first suggestion to use this method for studying possible effects related with the earthquakes was proposed by Russian researchers about 20 years ago (Gokhberg et al., 1989; Gufeld et al., 1992) . The nighttime bay-like phase anomalies for long paths (receiver-transmitter distances greater than 3000 km) were analyzed. Then, Japanese and Russian researchers have presented several results on anomalies in the VLF/LF radio propagation probably associated with the occurrence of earthquakes (see e.g. overview in the recent book by Molchanov and Hayakawa, 2008) . At present, two different procedures exist for finding the radio signal anomalies related to the seismic activity. The first is a modification of the old Russian method and it relies on the analysis of the difference between the regular and the real nighttime values of the radio signal intensity. The difference is claimed as an anomaly if it exceeds some level (usually 2σ level, where σ is the standard deviation). A detailed description of this method is reported in . The other method is the analysis of the terminator time (TT) in the daily variations (sunrise and sunset) of the radio signal intensity, that is described in Hayakawa et al. (1996) . Such a procedure has proved itself as an efficient tool for finding precursors in connection with several large earthquakes in Japan (Hayakawa et al., 1996 Maekawa et al., 2006; Molchanov and Hayakawa, 1998; Rozhnoi et al., 2005) . This method seems more efficient than the first one for rather short distances, i.e. less than 1000 km, and the results depend on the frequency selection. In this paper we have applied both the previous procedures for revealing possible precursors of the Abruzzo earthquake.
Data
On 6 April 2009 the Abruzzo earthquake took place with magnitude M=6.3 near L'Aquila city (Central Italy). Several shocks occurred before and after the occurrence of the earthquake. The pre-seismic activity appeared since the beginning of January 2009 and it intensified approaching to the date of the main shock; the aftershocks activity is still active. The list of foreshocks and aftershocks with M≥4.0 (http://earthquake.usgs.gov/eqcenter/) in the period 26 March-17 April is reported in Table 1 . The radio signals data collected in the framework of a cooperation among Austria, Italy and Russia were analyzed. Japanese OMNIPAL receivers are located in: Bari (Italy), operating since 2002, and in Graz (Austria), operating since October 2008. An UMSK receiver is located in Moscow (Russia) and it began a regular running on 26 March 2009. The equipments are similar among them and the main operation is detailed in Dowden and Adams (1989) . In each station it is possible to collect the signals from several VLF/LF transmitters. Comparing the signals behavior along the so-called seismic paths, which cross the earthquake zone, and the control paths, aside of the previous zone, it is possible to produce the separation of the local anomalies from the large-scale ones, related with magnetic storms, meteorological events, and so on.
Results and discussion
Many empirical and theoretical estimations of the size of the zone on the ground, interested by a precursory activity were proposed in the past. In this framework, for a large earthquake as the Abruzzo one (M=6.3), a circle of radius R=500 km could be assumed (Molchanov and Hayakawa, 2008) . In this study it was supposed that the size of the perturbed zone at the altitude h=70-90 km of the VLF/LF radio signals reflection is about the same of the precursory activity ground zone. This hypothesis is reasonable if R h.
At first the data collected by the Moscow receiver (MOS) were examined. Two transmitters located in Italy were selected for studying seismic paths: NSY (f =45.9 kHz) in Sicily at a distance D∼3000 km from the receiver and ICV (f =20.27 kHz) in Sardinia at D∼3500 km. The control paths were related to the GBZ (f =19.56 kHz, Great (Table 1 ) from 26 March to 17 April 2009 is indicated. In the next panels, the signal amplitude (A) and the nighttime residual amplitude (dA) for the path GBZ-MOS and ICV-MOS is reported. In the bottom panel the dashed ellipses indicate deviations of the real data from the averaged ones exceeding the 2σ (σ is the standard deviation) level, that is depicted by horizontal dotted line. On the right, at the top an example of an averaged signal (for 5 undisturbed days) and of a real signal during a normal day is reported while at the bottom an example of anomaly is shown.
Britain, D∼4000 km) and the NRK (f =37.5 kHz, Iceland, D∼6000 km) transmitters. The situation is shown in the Fig. 1 , where the circle (R radius) indicates the zone interested by the precursory activity. The widths of the VLF signal sensitivity zones (Fresnel zones) are much smaller (less 100 km) than R and they are not shown in the Fig. 1 .
For the Moscow data, only the first procedure of analysis mentioned in the Sect. 1 was applied. The results related to the seismic path ICV-MOS in comparison with those related to the control path GBZ-MOS are reported in the Fig. 2 . The results related to the seismic path NSY-MOS in comparison with those related to the control path NRK-MOS are reported in the Fig. 3 .
From the Fig. 2 , an anomaly in ICV-MSO path can be observed during 5 days before the Abruzzo earthquake and during the following aftershocks. The effect is not very evident, but it must be noted that such an anomaly is absent in the control path. Instead, a rather strong anomaly appears in the NSY signal as it is shown in the Fig. 3 . An example of the effect is underlined on the right bottom panel of the figure. The anomaly is observed during 6 days before the Abruzzo earthquake and as in the previous case, a similar effect is absent in the control (NRK) signal. Some difference in the amplitude of the effect, as it appears in Figs. 2 and 3, can be explained either by a frequency dependence or by the different crossing of the signal in sensitivity zones inside the perturbed area (Fig. 1). Figure 4 , where the averaged data are represented, shows a summary of the previous results. From the Fig. 4 , a clear depression of the signals during 5-6 days before the main shock only in the seismic paths stands up. Besides, it can be noted that: a) the deviation from the averaged undisturbed signal is about four times greater for the 45.9 kHz signal than for the 20.27 kHz signal; b) in both the cases, the depression in the signals continues during the aftershocks activity.
Then, the data collected by the Graz receiver (GRZ) were examined. Again, the signals from the Italian NSY and ICV transmitters were selected for the analysis of seismic paths. In this case, the distances D are shorter (D∼1000 km) than previously. The control paths were selected those from the GBZ (D∼4000 km) and from the DHO (f =23.4 kHz, Germany, D∼1000 km) transmitters. The location of the receiver and the transmitters is shown in the Fig. 5 , where as in Fig. 1 , also the zone interested by the precursory activity is indicated. In this case, both the procedures of analysis mentioned in the Sect. 1 were used. The results obtained with the first analysis are presented in the Fig. 6 . From the inspection of this figure, a depression in ICV signal appears from about one week before the Abruzzo earthquake, while such an effect is lacking on the two control signals.
The results obtained with the second procedure of analysis are presented in the Fig. 7 . Looking this figure, it is evident the deviation of the sunset terminator times from their normal values (dashed lines) during several days before the Abruzzo earthquake for the seismic paths ICV-GRZ and NSY-GRZ and the absence of the effect for the control path GBZ-GRZ. It can be noted that the TT perturbation appears since the strongest foreshock occurred in the area.
It can be noted that using the first method, none anomaly for the seismic path from NSY transmitter was revealed, unlike the observation in Moscow. This fact can be connected with the different condition of the propagation on the paths. In fact, the paths in Moscow from Italian transmitters are rather long, about 3000 km, and one-mode propagation exists; on the contrary the paths in Graz are short, and multimode propagation must be involved. In this situation the terminator time method seems more useful as it is revealed by the Fig. 7 . Finally, the signal from the NRK transmitter recorded by the Moscow, Graz and Bari receivers was analyzed. As it is shown in the map of the Fig. 8 , the NRZ-Bari path is a seismic path, while the NRZ-MOS and NRZ-GRZ ones are control paths.
The results of such an analysis are presented in Fig. 9 . The effect for the Bari receiver is very strong; it appears about 5 days before the Abruzzo earthquake (in correspondence with the anomalies in the NSY signal in the Moscow receiver) and it continues during the aftershocks activity until 10 April. The level of the signal in nighttime decreases strongly and the day time signal grows. But, totally the daily amplitude decreases by two times with respect to the normal conditions. Such a strong effect was observed for the same path NRK-Bari only during the exceptional magnetic storm happened on October 2003 .
The precise mechanism able to produce the variations in the intensity of the radio signals we presented, cannot be defined. At this purpose, more data and other information must be collected. Results concerning some upward propagation from the ground and generation of turbulence in ionosphere prior the earthquakes were presented in past by different authors as Liperovski et al. (1997) . So, according to our opinion, the recent model proposed by could be applied, that is the radio anomalies we presented are related to disturbances in the ionosphere turbulence produced by an upward energy flux of atmospheric gravity waves which was induced by different processes occurring during the preparation and the development of the Abruzzo sequence.
